pharmaceuhcs

Survivin Silencing as a Promising Strategy To Enhance the Sensitivity
of Cancer Cells to Chemotherapeutic Agents

S. Trabulo,”* A. M. Cardoso," T. Santos-Ferreira,”* A. L. Cardoso,” S. Simoes,"” 3 and M. C. Pedroso de Lima*"*

pubs.acs.org/molecularpharmaceutics

*Center for Neuroscience and Cell Biology of Coimbra, *Department of Life Sciences, Faculty of Science and Technology, and
SLaboratory of Pharmaceutical Technology, Faculty of Pharmacy, University of Coimbra, Portugal

e Supporting Information

ABSTRACT: Since clinical application of conventional cancer
therapies is usually limited by drug resistance and toxic side
effects, combination of chemotherapeutic agents with gene
therapy appears as an attractive therapeutic strategy to over-
come these issues. Being selectively expressed in tumor tissues,
survivin is a promising target for the development of anticancer
strategies aimed at eliminating tumor cells while sparing normal
tissues. In this work, we achieved substantial protein knock-
down in a number of human cell lines, namely, A5S49, HeLa and

treatment with
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Survivin silencing in cancer cells resulted in high
levels of cytotoxicity, particularly in combination
with conventional chemotherapeutic drugs

MCE-7 cells which overexpress survivin, after treatment with anti-survivin siRNAs, which was associated with a significant reduction
of cell viability, when compared to treatment with control siRNAs. Interestingly, when the survivin-silencing approach was
combined with a chemotherapeutic agent, an enhancement of the therapeutic effect was achieved. Treatment with anti-survivin
siRNAs resulted in high levels of caspase 3/7 activation, and an enhancement of this effect was observed when survivin silencing was
combined with vinblastine. In addition, we showed that for A5S49 and HeLa cells survivin silencing contributes to the reversion of cell
resistance to doxorubicin. Overall, we demonstrate that the combination of a survivin-directed silencing strategy with
chemotherapeutic agents constitutes a valuable approach for cancer treatment.
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B INTRODUCTION

Cancer is a leading cause of death worldwide, being respon-
sible for around 13% of all deaths each year. The discovery of new
potential targets or improvement of existing therapies is there-
fore mandatory. Evasion of programmed cell death has been
recognized as one of the six essential alterations in cell physiology
that characterize malignant growth and is considered a hallmark
of most types of cancer."” It has also been demonstrated that
cancers possessing alterations in proteins involved in cell
death signaling are often not only resistant to chemotherapeutic
agents but also more difficult to treat using proapoptotic
drugs."® Apoptosis, the most common and well-defined form
of programmed cell death, is a natural process responsible
for the clearance of unwanted cells, which plays an essential
role in embryonic development and maintenance of tissue
homeostasis."#> However, deregulation of apoptosis disrupts
the delicate balance between cell proliferation and cell death
and has been implicated in numerous pathological conditions,
including cancer.*®

Two alternative pathways can initiate apoptosis: the extrinsic
pathway, mediated by death receptors on the cell surface, and the
intrinsic pathway, mediated by mitochondria.”” In addition to the
proteins that are directly involved in cell death signaling, two
important families of apoptosis regulators have been identified: the
Bcl-2 family, which comprises molecules with pro- or antiapoptotic
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functions, and the inhibitor of apoptosis proteins (IAPs), which
include XIAP, c-IAP1, c-IAP2 and survivin."® IAPs have been
shown to play a major role in apoptosis regulation by inhibiting the
intrinsic and the extrinsic pathways of programmed cell death.”
This class of proteins could be therefore described as being
responsible for establishing a threshold at which caspases are kept
inactive, while at the same time providing a pool of actlve caspases
which can rapidly induce cell death when necessary.'® The fact that
IAPs can inhibit both pathways of controlled cell death renders this
class of proteins particularly attractive to be targeted in cancer
therapy. Survivin is a member of the IAP family of proteins that has
an important role in two critical cellular processes, inhibition of
apoptosis and cell proliferation." ~>° Since this protein appears to
be essential for both tumor cell proliferation and viability, and due
to its overexpression in cancer cells and very low or absent
expression in normal cells, survivin constitutes a particularly
attractive tumor biomarker and a promising target for anticancer
therapy. 12122

The ability of survivin to counteract proapoptotic stimuli has been
shown to enhance cancer cell survival and render malignant cells
resistant to conventional antitumoral treatments.'">~*° Therefore,

Received: ~ December 13, 2010
Accepted:  May 27, 2011
Revised:  April 5, 2011
Published: May 27, 2011

1120 dx.doi.org/10.1021/mp100426e | Mol. Pharmaceutics 2011, 8, 1120-1131



Molecular Pharmaceutics

strategies aimed at silencing survivin expression are expected to
inhibit cancer cells' survival and enhance their sensitivity to
conventional proapoptotic drugs.”*” ¢ In this study, we tested
a strategy that combines gene therapy through survivin silencing
using RNA interference technology, with conventional che-
motherapeutic agents, namely, doxorubicin and vinblastine.
Our results demonstrate that survivin silencing sensitizes
cancer cells to the cytotoxic action of conventional chemother-
apeutic agents, which may represent an advance toward a
targeted gene therapy to cancer with reduced side effects.

B MATERIALS AND METHODS

Materials. The anti-GFP siRNA and the anti-survivin siRNA
(sense, S’GGACCACCGCAUCUCUACAdTAT3'; antisense,
3/dTdTCCUGGUGGCGUAGAGAUGUS')?” were obtained
from Dharmacon (Lafayette, CO, USA). The control nonsilen-
cing siRNA (mut siRNA) was obtained from Ambion (Austin,
TX, USA). The Cy3-labeled nonspecific siRNA sequence was
purchased from Ambion (Austin, TX, USA).

Doxorubicin and vinblastine were generously provided by the
pharmaceutical services of the University Hospital of Coimbra
(Portugal). Aliquoted stock solutions were stored at —20 °C.

Cells. HeLa cells (human epithelial cervical carcinoma), MCF-
7 (human breast adenocarcinoma) and AS49 cells (human
epithelial lung adenocarcinoma) were maintained at 37 °C,
under 5% CO,, in Dulbecco modified Eagle medium—high
glucose (DMEM; Sigma) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Biochrom KG), and with
100 units of penicillin and 100 ug of streptomycin (Sigma)
per mL.

For cell viability and caspase activity determination, cells were
plated at a density of 0.5 x 10° cells/well onto 12-well plates. For
QRT-PCR experiments, HeLa and AS49 cells were plated at a
density of 1 x 10° cells/well onto 6-well plates. In the case of flow
cytometry experiments, HeLa and A549 cells were plated at a
density of 0.6 x 10° cells/well onto 12-well plate for apoptosis
rate determination through annexin-V/PI staining. Cells were
plated twenty-four hours prior to incubation with siRNA
complexes.

Cell Transfection and Incubation with Drugs. Complexes
of siRNA with Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) were prepared according to manufacturer’s instructions.

Twenty-four hours after plating, cells were incubated with the
siRNA/Lipofectamine complexes at the appropriate concentra-
tion (50 or 100 nM) in antibiotic- and serum-free OptiMEM
(Invitrogen, Carlsbad, CA, USA), for four hours at 37 °C. After
this incubation period, transfection medium was replaced with
fresh medium containing 10% (v/v) FBS.

Cell treatment with the drugs, doxorubicin and vinblastine,
was performed 48 h after plating. For the ICs, determination
experiments, nontransfected cells were incubated with different
concentrations of the drugs (0.01, 0.1, 0.5, 0.75, 1, 1.5, 2, and
S uM doxorubicin and 0.01, 0.025, 0.05, 0.075, 0.1, 0.2, and
0.5 uM vinblastine) prepared in medium with 10% (v/v) FBS, for
four hours at 37 °C. After this incubation period, drug-containing
medium was replaced with fresh medium. For studies combining
gene silencing treatment with chemotherapy, 24 h after transfec-
tion with the siRNA delivery systems, A549 and HeLa cells were
incubated with doxorubicin or vinblastine at a concentration
close to the ICso (1 M doxorubicin, for both cell lines, and

0.1 and 0.025 M vinblastine for AS49 and HeLa cells, respectively),
as described above.

After transfection and/or incubation with the drugs, cells were
analyzed for determination of viability, protein and mRNA levels,
assessment of caspase activity and apoptosis, as described below.

Western Blot Analysis. Seventy-two hours after siRNA
delivery, protein extracts were obtained from HeLa, A549 and
MCE-7 cells using a lysis buffer (50 mM NaCl, 50 mM EDTA,
1% Triton X-100) containing a protease inhibitor cocktail
(Sigma), 10 ug/mL DTT and 1 mM PMSF. Protein content
was determined using the Bio-Rad protein assay (Bio-Rad), and
20 ug of total protein was resuspended in a loading buffer (20%
glycerol, 10% SDS, 0.1% bromophenol blue), incubated for
S min at 95 °C and loaded onto a 12% polyacrylamide gel. After
electrophoresis, the proteins were blotted onto a PVDF mem-
brane according to standard protocols. After blocking in $%
nonfat milk, the membrane was incubated with the appropriate
primary antibody (anti-survivin 1:1000, Chemicon-Millipore,
Billerica, MA, USA) overnight at 4 °C, and with the appropriate
secondary antibody (1:20000) (Amersham, Uppsala, Sweden)
for 2 h at room temperature. Equal protein loading was shown by
reprobing the membrane with an anti-a-tubulin antibody
(1:10000) (Sigma) and with the appropriate secondary antibody.
After this incubation period, the blots were washed several times
with saline buffer (TBS/T: 25 mM Tris-HCl, 150 mM NaCl,
0.1% Tween and S mg/mL nonfat powder milk) and incubated
with ECF (alkaline phosphatase substrate; 20 uL of ECF/cm” of
membrane) for S min at room temperature and then submitted
to fluorescence detection at 570 nm using a VersaDoc Imaging
System model 3000 (Bio-Rad). For each membrane, the analysis
of band intensity was performed using the Quantity One soft-
ware (Bio-Rad).

Extraction of RNA and cDNA Synthesis. RNA was recovered
from A549 and HeLa cells, 72 h after cell transfection, using the
MasterPure RNA Purification Kit (Epicenter Biotechnologies,
Madison, WI, USA), according to the manufacturer’s instruc-
tions, and then treated with DNase 1. Briefly, cells were lysed
using the tissue and cell lysis solution from the MasterPure RNA
purification kit containing proteinase K, and cell lysates were
collected to microcentrifuge tubes. MPC protein precipitation
reagent was added to protein extract from the lysates. Then,
500 1L of isopropanol was added to the recovered supernatant to
promote total nucleic acid precipitation, which was pelleted by
centrifugation. Removal of contaminating DNA from the RNA
was then performed by addition of a DNase I solution and
carrying out another step of protein removal using MPC
protein precipitation reagent. RNA was finally pelleted by
centrifugation and rinsed twice with 70% ethanol, and resus-
pended in TE buffer. After quantification, RNA was converted
to cDNA using the Superscript III first strand synthesis kit
(Invitrogen, Karlsruhe, Germany), according to the manufac-
turer’s instructions.

Quantitative Real Time Polymerase Chain Reaction (QRT-
PCR). Quantitative PCR was performed in an iQ S thermocycler
using 96-well microtiter plates and the iQ SYBR Green Supermix
Kit. The primers for the target gene (survivin) and the house-
keeping gene (HPRT-1) were predesigned by Qiagen
(QuantiTect Primer, Qiagen). The percentage of survivin knock-
down was determined by the AACt method, using HPRT-1 as
housekeeping gene, according to the following formulas: ACt-
(survivin siRNA) = Ct(survivin gene)—Ct(HPRT-1 gene);
ACt(mut siRNA) = Ct(survivin gene) — Ct(HPRT-1 gene);
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AACt = ACt(survivin siRNA) — ACt(mut siRNA); % knock-
down =100% — (27*** x 100). The AACt value indicates the
changes in RNA transcription caused by treatment with anti-
survivin siRNAs, normalized to RNA transcription changes in
cells treated with mut siRNAs.

Determination of Apoptosis Rate by Flow Cytometry.
Apoptosis detection was performed using the ApopNexin FITC
apoptosis detection kit for flow cytometry analysis (Chemicon-
Millipore, Billerica, MA, USA). Forty-eight hours postincubation
with doxorubicin, cells were collected after digestion with trypsin,
washed with PBS three times, and resuspended in 500 uL
of binding buffer (10 mM HEPES/NaOH, 140 mM NaCl,
2.5 mM CaCl,, pH 7.4). Cell staining with annexin V and PI
was performed according to the manufacturer’s instructions.
FITC-labeled annexin V and PI were added to the cells, followed
by 1S5 min incubation in the dark at room temperature. The
apoptosis rate was immediately determined by flow cytometry.
Bicolor analysis of cell suspensions was performed using the
CellQuest software, according to the ApopNexin FITC apopto-
sis detection kit manufacturer’s instructions.

Evaluation of Cell Viability. Cell viability was assessed under
the different experimental conditions by a modified Alamar Blue
assay, as described previously. Briefly, 48 and 72 h post-transfection,
the cells were incubated with DMEM containing 10% (v/v)
Alamar Blue dye. After 1 hincubation at 37 °C, the absorbance of
the medium was measured at 570 and 600 nm. Cell viability was
calculated, as a percentage of the nontransfected control cells,
according to eq 1:

cell viability (% of control)

= [(As70 — Aso0) / (A’s70 — Aloo)] x 100 (1)

where Ag;o and Agy are the absorbances of the samples,
and A’s, and A'gyy those of control cells, at the indicated
wavelengths.

Evaluation of Caspase-3/7 Activity. Cell extracts were pre-
pared from HeLa and A549 cells, according to the manufacturer’s
instructions (SensoLyte Homogeneous AMC Caspase-3/7 assay
kit, Ana Spec, Fremont, CA, USA). Briefly, cells were washed
with ice-cold PBS and lysed with 1 lysis buffer, diluted from the
10x lysis buffer included in the assay kit. Cells were scraped off
from the plates, and cell suspension was collected in a micro-
centrifuge tube. The cell suspension was rotated on a rotating
apparatus for 30 min at 4 °C and then centrifuged at 2500g for
10 min at 4 °C. The supernatant was then collected and stored at
—80 °C. Caspase 3/7 activity was measured 48 h post-transfec-
tion as the ability of cell extract to catalyze the cleavage of Ac-
DEVD-AMC and release the AMC fluorochrome. Protein con-
tent of cell extracts was determined using the Bio-Rad protein
assay (Bio-Rad). To initiate the enzymatic reaction, 50 uL of the
cell lysate was transferred into the wells of a black 96-well plate
(Costar, Cambridge, CA, USA), followed by the addition of
50 uL of assay buffer containing DTT and caspase-3/7 substrate.
Reagents were mixed by shaking the plate in a shaker for 30—60's
at 100—200 rpm, and the fluorescence signal was continuously
recorded every 30 min for 5 to 7 h. The plate was always
maintained at 37 °C between and during measurements.
Caspase-3/7 activity was determined by first plotting data as
RFU/mg of protein versus time for each sample, and then
determining the slope of the linear portion of the data plot.

Statistical Analysis. Results from all experiments are repre-
sented as mean = standard deviation (SD). Data were analyzed

using GraphPad Software, Inc., La Jolla, CA, USA. Statistical
significances of differences between data were evaluated using
ANOVA Tukey’s multiple comparison test.

B RESULTS

Evaluation of Survivin Silencing in Different Human Can-
cer Cell Lines. Initial studies were performed to determine the
optimal siRNA concentration for survivin gene silencing. For this
purpose, we examined the effect of anti-GFP and control (mut)
siRNAs complexed with Lipofectamine 2000, delivered to HT
1080 GFP-expressing cells at the concentrations of 50 and
100 nM. A decrease in MFI levels of the population of GFP-
expressing cells to one-third was observed at a 50 nM concentra-
tion of anti-GFP siRNAs, while a concentration of 100 nM
reduced MFI to approximately one-fourth (data not shown). No
decrease in the MFI levels was detected in cells treated with
50 nM mut siRNA, while a 15% reduction was observed upon cell
incubation with 100 nM mut siRNA (data not shown), indicating
that some unspecific gene silencing is occurring at this concen-
tration. Therefore, subsequent experiments were performed
using 50 nM siRNAs/well. For the studies on target validation
involving gene silencing Lipofectamine 2000 was used as the
siRNA delivery vector, since it has been demonstrated to
efficiently and reproducibly transfect a broad range of cell lines
in vitro.*®

Treatment of A5S49, HeLa and MCF-7 cells with anti-survivin
siRNAs complexed with Lipofectamine 2000 resulted in a
pronounced effect on the viability of AS49 (Figure 1 A) and
HeLa cells (Figure 1 B), particularly 72 h after transfection, under
which conditions only about 20% of viability was observed in
HeLa cells. In A549 cells, the maximum reduction of viability was
55%, obtained 72 h after treatment with survivin siRNA (Figure 1 A).
In contrast, such treatment did not result in any significant effect
on the viability of MCF-7 cells (Figure 1 C). Although for HeLa
cells treatment with survivin siRNAs has resulted in a higher
reduction of viability than in A549 cells, the effect of the control
treatment using mut siRNAs also resulted in a more pronounced
decrease in cell viability (around 40%), as compared to that
obtained for A549 cells (Figure 1 B). These nonspecific effects on
cell viability may be due to off-target effects of siRNAs or to
inherent toxicity of the delivery system. Noticeably, 48 h after
transfection the reduction of cell viability obtained by survivin
silencing was already significantly different from that observed
with control siRNAs, in both AS49 and HeLa cells (Figure 1A,B).

Survivin protein levels were determined in all three cell lines,
and it was possible to confirm a decrease in survivin levels
following the treatment with anti-survivin siRNAs, but not
when using nonsilencing siRNAs (Figure 1D,E). However, since
survivin knockdown in MCE-7 cells did not result in measurable
effects on cell viability, this cell line was not used in further
experiments.

To further confirm the specific gene silencing effect of the anti-
survivin siRNA treatment, the determination of survivin mRNA
levels was performed in AS49 and HeLa cells (Figure 1 F).
Approximately 80% reduction in survivin mRNA levels was observed
in both cell lines treated with survivin siRNAs, when comparing to
that using mut siRNAs, confirming that the reduction observed in
protein levels was caused by survivin mRNA degradation.

Effect of the Combination of Chemotherapeutic Agents
with Survivin Gene Silencing on Viability of Human Cancer
Cells. Aiming at enhancing the cytotoxic activity of doxorubicin
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Figure 1. Evaluation of the effect of survivin silencing on cell viability, protein and mRNA levels. A549, HeLa and MCEF-7 cells were incubated with anti-
survivin or mut siRNA/Lipofectamine 2000 complexes, at a final siRNA concentration of 50 nM, for 4 h at 37 °C. Viability of AS49 (A), HeLa (B) and
MCEF-7 (C) cells was evaluated by the Alamar Blue assay 24, 48, and 72 h post-transfection, and is expressed as the percentage of control (nontreated
cells). To determine survivin protein levels after siRNA treatment, protein extracts were obtained from A549, HeLa and MCF-7 cells using a lysis buffer
containing protease inhibitors and analyzed by Western blot (D and E). For determination of survivin mRNA levels, after equivalent treatment, RNA was
recovered from A549 and HeLa cells and converted to cDNA, which was analyzed by quantitative PCR (F). The % of survivin knockdown was
determined by the AACt method, as described in Materials and Methods, and indicates the changes in RNA transcription caused by treatment with anti-
survivin siRNAs, normalized to RNA transcription changes in cells treated with mut siRNAs. *p < 0.05, **p < 0.01, compared to treatment with mut

siRNA at the same time points.

and vinblastine in A549 and HeLa cells, we assessed the effect of
sequentially combining survivin silencing and treatment with
doxorubicin or vinblastine. Preliminary studies were performed
in order to establish the optimal conditions for the incubation
time of cells with the drugs and the time points for cell viability
measurements. These studies suggested that an incubation time
of 4 h with the drugs was appropriate, and cell viability was
assessed 24 and 48 h after incubation with the drugs since after
4 h incubation of cells with the drugs no differences in cell
viability were observed among the different tested conditions and
results obtained after 72 h incubation were very similar to those
found after 48 h incubation (data not shown). Both AS49 and
HeLa cells (Supplementary Figure 1 in the Supporting Information)
exhibited some degree of resistance to doxorubicin, 40% being
the maximal cell death achieved over the drug concentration
range from 0.5 to 5 uM. A concentration of doxorubicin of
1 uM was selected to treat both cell lines in further studies
(Supplementary Figure 1 in the Supporting Information). The
concentration of 0.1 #M vinblastine was chosen to treat AS49
cells in combination with the gene silencing approach, and
0.025 #M was selected in the case of HeLa cells (Supplementary
Figure 1 in the Supporting Information).

As observed in Figure 2, 48 h after transfection AS549 cells
sequentially treated with survivin siRNAs and doxorubicin or
vinblastine presented a significantly lower viability than that

1123

observed following treatment with doxorubicin or vinblastine
alone (Figure 2A,C). Similarly, 72 h after transfection, the combina-
tion of doxorubicin or vinblastine treatment with survivin silenc-
ing greatly potentiated the drug cytotoxic effect (Figure 2B,D).
At this time point, doxorubicin treatment promoted about
40% of cell death, while its combination with survivin silencing
achieved 60% reduction in cell viability (Figure 2 B). Compared
to vinblastine treatment (40% cell death), the effect of previously
transfecting cells with anti-survivin siRNAs resulted in an addi-
tional 30% of cell death, promoting a 70% reduction in cell
viability (Figure 2 D). Parallel experiments performed with mut
siRNA resulted in a smaller, although still significant, effect on
cell death. Altogether, these results suggest that survivin silencing
causes an increase in the susceptibility of AS549 cells to doxoru-
bicin and vinblastine treatment.

In the case of HeLa cells, combination of survivin silencing
with doxorubicin or vinblastine greatly improved cytotoxicity,
increasing cell death by 30—45% (Figure 3). The combination
of survivin silencing and treatment with doxorubicin or vinblastine
resulted, in all cases, in a significant enhancement of the cytotoxic
potential of the drugs. However, in some cases, the reduction in
cell viability was statistically comparable to that obtained following
survivin silencing alone (Figure 3A,B). Although some extent of
cell death was observed after transfection with mut siRNAs
followed by incubation with doxorubicin or vinblastine, this effect

dx.doi.org/10.1021/mp100426e |[Mol. Pharmaceutics 2011, 8, 1120-1131
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Figure 2. Effect of chemotherapeutic agents on the viability of AS49 cells transfected with siRNAs targeting survivin and control siRNAs. A549 cells
were incubated with siRNA/Lipofectamine 2000 complexes, at a final siRNA concentration of S0 nM, for 4 h at 37 °C. Twenty-four hours after
transfection, cells were incubated with 1 #M doxorubicin or 0.1 #M vinblastine, for 4 h at 37 °C. Cell viability was evaluated by the Alamar Blue assay
48 (A and C) and 72 h (B and D) post-transfection. Cell viability is expressed as the percentage of control (nontreated cells). *p < 0.05, **p < 0.01,

***p < 0.001 compared to drug treatment of nontransfected cells.

was always significantly smaller than that observed with the
corresponding treatment with anti-survivin siRNAs, suggesting
that, as observed for AS49 cells, survivin silencing renders HeLa
cells more sensitive to treatment with doxorubicin and vinblastine.

In addition, the effect of different drug concentrations was
studied for the combination that resulted in the highest levels of
cell death, which involved survivin silencing followed by vinblas-
tine treatment in HeLa cells (Supplementary Figure 2 in the
Supporting Information). It was observed that survivin silenc-
ing increases the sensitivity of HeLa cells to vinblastine, thus
reducing its ICs, this effect being more evident for low con-
centrations of this drug.

Effect of the Combination of Chemotherapeutic Agents
with Survivin Silencing on Caspase 3/7 Activation in Human
Cancer Cells. In order to gain insight into the mechanisms by
which survivin silencing enhanced drug cytotoxicity, the activity
of effector caspases 3 and 7, crucial components of the apoptotic
cell death, was determined.

Figure 4 presents the results obtained for caspase activity
in A549 and HeLa cells relative to those obtained after treatment

of nontransfected cells with doxorubicin (Figure 4A,C) or vin-
blastine (Figure 4B,D). Comparing the results obtained for cells
that were transfected but not exposed to drug treatment, it is
clear that survivin silencing results in much higher levels of
caspase activation than equivalent treatment using nonsilencing
siRNAs. It is important to note that caspase activity in doxoru-
bicin-treated cells was very low, in both cell lines, being
comparable to that obtained for nontreated cells (Figure 4A,
C). On the other hand, vinblastine-treated cells presented high
levels of caspase activity even in the absence of transfection
(Figure 4B,D).

Combination of the survivin silencing and treatment with
doxorubicin (Figure 4A,C) resulted in lower levels of caspase
activity as compared to those obtained for cells treated only with
anti-survivin siRNAs. This is intriguing, since cells exposed to the
two different proapoptotic stimuli would be expected to present
levels of caspase activation comparable to the ones obtained for
the strongest stimulus alone. Therefore, caspase activity of cells
treated with anti-survivin siRNAs and doxorubicin should be
similar to that obtained upon transfection with anti-survivin

1124 dx.doi.org/10.1021/mp100426e |Mol. Pharmaceutics 2011, 8, 11201131
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Figure 3. Effect of chemotherapeutic agents on the viability of HeLa cells transfected with siRNAs targeting survivin and control siRNAs. HeLa cells
were incubated with siRNA/Lipofectamine 2000 complexes, at a final siRNA concentration of S0 nM, for 4 h at 37 °C. Twenty-four hours after
transfection, cells were incubated with 1 #M doxorubicin or 0.025 uM vinblastine, for 4 h at 37 °C. Cell viability was evaluated by the Alamar Blue assay
48 (Aand C) and 72 h (B and D) post-transfection. Cell viability is expressed as the percentage of control (nontreated cells). *p < 0.05, **p < 0.01, ***p <

0.001 compared to drug treatment of nontransfected cells.

siRNAs without drug treatment, and the same should happen for
equivalent situations in which cells were transfected with
mut siRNAs.

On the other hand, combination of survivin silencing with
vinblastine treatment (Figure 4B,D) resulted in an enhance-
ment of caspase activity. In the case of A549 cells, however, a
comparable enhancement of caspase activation was observed
when cells were transfected with nonsilencing siRNAs, suggest-
ing that nontarget effects or vector toxicity may be potentiating
cell susceptibility to vinblastine (Figure 4 B). In HeLa cells,
activation of caspases 3 and 7 was comparable in all conditions
involving cell treatment with vinblastine, except when cells were
previously transfected with anti-survivin siRNAs. In this case,
higher values of apoptotic activity were achieved (Figure 4 D),
showing that survivin silencing plays an active role in promoting
caspase activation.

Effect of the Combination of Doxorubicin with Survivin
Silencing on Promoting Apoptosis in Human Cancer Cells.
To further explore the events involved in the cytotoxicity
mediated by the combination of survivin silencing and drug
treatment, assessment of PS asymmetry, which is related to early
apoptotic events, was determined (Figure SA,B). After annexin V

and PI staining, cells were analyzed in a dual parametric dot plot
(as illustrated in Figure SC), allowing the separation of the whole
cell population in viable cells, early apoptotic cells and late
apoptotic cells or necrotic cells. Treatment with Lipofectamine
2000 per se reduced the percentage of viable cells to 60% and
50%, for AS49 and HeLa cells, respectively (Figure S), which may
be an indication that some of the nonspecific cytotoxicity
observed upon delivery of control siRNAs was caused by the
siRNA delivery vector. This hypothesis is further supported by
the observation that the cytotoxic effects produced by treating
the cells with Lipofectamine 2000 or control siRNA/Lipofectamine
complexes were of the same order of magnitude (Figure SA,B).
In contrast, cell treatment with anti-survivin siRNA/ Lipofectamine
complexes resulted in a clear reduction in the percentage of
viable cells, together with a significant increase in the number of
late apoptotic cells, as compared to mut siRNA/Lipofectamine
complexes (Figure SA,B). Treatment of nontransfected cells with
doxorubicin (bar 4) resulted in a reduction of 50—55% in cell
viability, and a similar distribution of cells in the dot plots was
observed when cells were incubated with Lipofectamine prior to
treatment with doxorubicin. Transfection with control siRNA/
Lipofectamine complexes before incubation with doxorubicin
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Figure 4. Effect of chemotherapeutic agents on caspase 3/7 activation in cells transfected with siRNAs targeting survivin and control siRNAs. A549
(A and B) and HeLa (C and D) cells were incubated with siRNA/Lipofectamine 2000 complexes, at a final siRNA concentration of 50 nM, for 4 h at
37 °C. Twenty-four hours after transfection, cells were incubated with 1 «M doxorubicin, 0.025 M vinblastine (HeLa cells), 0.1 #M vinblastine (A549
cells) or HBS, for 4 hat 37 °C. Caspase 3/7 activity was measured 48 h post-transfection in cell extracts by assessing the capacity to catalyze the cleavage
of Ac-DEVD-AMC and release the AMC fluorochrome. *p < 0.0S, **p < 0.01, ***p < 0.001 compared to drug treatment of nontransfected cells. Results

for nontreated cells (NTC) are shown as a control.

showed slightly higher percentage of late apoptotic cells and a
reduction in the amount of viable cells, when comparing to cells
that were only treated with doxorubicin. Finally, transfection with
survivin siRNA/Lipofectamine complexes followed by treatment
with doxorubicin showed the lowest percentage of viable cells, and
the consequent higher amounts of early and late apoptotic cells.
Thus, combination of both treatments greatly enhanced the
cytotoxic effect of doxorubicin, although some improvement was
also observed when cells were previously transfected with mut
siRNAs, which is in agreement with what was observed in cell
viability studies, as assessed by the Alamar Blue assay.

B DISCUSSION

It has been recognized that evasion of apoptosis is a hallmark
of cancer, and therefore its restoration using RNAi technology to
target key antiapoptotic proteins expressed by cancer cells

represents an important therapeutic approach.z’29 Moreover,
since apoptosis plays a critical role in the cytotoxic activity of
most chemotherapeutic drugs and radiation therapy, the anti-
apoptotic proteins overexpressed in tumors, such as members of
the IAP family, may constitute the source of chemo- and/or
radioresistance.”** Despite the recent advances concerning
siRNA delivery to target cells, achieving efficient levels of cellular
uptake and long-term stability while avoiding unspecific effects
are challenges that need to be met, so that siRNA therapeutics
can reach their full potential as a clinically relevant option.”*'
In addition, tumors are often polygenic and present heteroge-
neous cell populations, possibly expressing different levels of the
various pro- and antiapoptotic proteins.*>** Therefore, combi-
nation of different treatments is expected to improve efficacy,
patient management and quality of life. In this context, the
combination of RNA-mediated gene silencing with a conventional
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Figure 5. Effect of doxorubicin on promoting apoptosis of cells transfected with siRNAs targeting survivin and control siRNAs. HeLa (A) and A549 (B)
cells were incubated with siRNA/Lipofectamine 2000 complexes for 4 h at 37 °C. Twenty-four hours after transfection, cells were incubated with
doxorubicin (at ~ICs, dose) or HBS, for 4 h at 37 °C. Apoptotic cells were detected through annexin V and PI staining 72 h post-transfection. Each
condition was analyzed in a histogram which displays two parameters, annexin V-FITC and PJ, as represented in C. The dual parametric dot plots show the
viable cell population in the lower left quadrant (annexin V-negative/PI-negative), the early apoptotic cells in the lower right quadrant (annexin V-positive/
Pl-negative), and the late apoptotic cells in the upper right quadrant (annexin V-positive/Pl-positive). The different conditions of cell treatment, represented by
numbers below the bars in the graphs, were the following: 1, Lipofectamine; 2, mut siRNA/Lipofectamine; 3, survivin siRNA/Lipofectamine; 4, doxorubicin;
S, Lipofectamine + doxorubicin; 6, mut siRNA/Lipofectamine + doxorubicin; 7, survivin siRNA/Lipofectamine + doxorubicin.

therapy may constitute a promising strategy to achieve complete
elimination of cancer cells.*®

In the present study, we evaluated the efficacy of a strategy that
combines cancer cell treatment using a chemotherapeutic agent
(doxorubicin or vinblastine) with an RNAi approach targeting
the antiapoptotic protein survivin. Initial studies demonstrated
that treating AS49, HeLa and MCF-7 cells with 50 nM anti-
survivin  siRNAs, using Lipofectamine 2000 as the delivery
vector, resulted in a pronounced decrease of survivin protein
and mRNA levels (Figure 1D—F). However, the reduction in
survivin levels was translated into a significant decrease in
viability only for AS49 and HeLa cells (Figure 1A—C). The
different sensitivity of different cell lines to the knockdown of the
same protein may be explained by the concept of “oncogene
addiction”.** Since cancer cells accumulate multiple genetic,
epigenetic, and chromosomal abnormalities over time, it has
been postulated that they may become highly dependent on the
activity of a single oncogene or oncogenic pathway for maintain-
ing the malignant phenotype and cell survival.** Moreover, this
“oncogene addiction” seems to frequently differ among different
types of cancer, and also among subsets of the same type of
cancer.* If, on one hand, these findings support the idea that
targeting a single specific oncogene can inhibit cancer cell growth
and translate to improved survival rates, on the other hand, it may
happen that targeting a single oncogene will not have equivalent
effects in different types of cancer and sometimes not even in
different subsets of the same type of cancer. Finally, in some

tumors or tumoral cell lines, the effect of inhibiting one oncogene
can be overridden by overexpression of other genes of the same
family. Therefore, the effect of survivin silencing can be masked,
in some cell lines, by the expression of other antiapoptotic
proteins, such as XIAP or Bcl-2.

A significant reduction in the viability of AS49 cells (55%) and
HeLa cells (80%) was obtained 72 h after treatment with anti-
survivin siRNAs delivered by Lipofectamine 2000 (Figure 1A,B).
Importantly, cell death determined 48 h after survivin silencing was
already significantly higher than that observed with control siRNAs
delivered by the same formulation, in both A549 and HeLa cells
(Figure 1A,B). However, the small decrease in cell viability
observed for nonsilencing siRNAs suggests the occurrence of
nonspecific effects of siRNAs or inherent toxicity of the delivery
vector. In fact, it is known that exposure of cells to exogenous
molecules, including nucleic acids and the delivery vector, has the
potential to disturb normal cellular function.® It has been sug-
gested that 21 base-pair or longer siRNAs can trigger a nonspecific
effect by upregulating interferon responsive genes, an effect that is
independent of their ability to mediate sequence specific inhibition
of gene expression.”’35 It is important to mention that when using
synthetic siRNAs, which access the RNAi machinery downstream
of Dicer, the processing steps that usually determine specificity and
efficacy of RNAi when Dicer acts against larger dsRNA molecules,
through a proofreading mechanism that protects against the
generation of siRNA sequences that might result in the silencing
of endogenous genes, do not occur. >
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Chemo- or radioresistance strongly limit the success of cancer
therapy, and the involvement of antiapoptotic proteins in pre-
venting cell death has been demonstrated.*® Some in vitro and
in vivo studies showed that survivin downregulation could
sensitize human tumor cells of different origins to conventional
chemotherapeutic drugs, including paclitaxel, etoposide, cispla-
tin, topotecan, doxorubicin and geldanamycin.*****%3”~*! X]AP
expression levels have also been shown to influence the resistance
of cancer cells to the chemotherapeutic drugs, cisplatin, doxor-
ubicin and paclitaxel, in a cell specific manner.*” Interestingly,
exposure of cells to some of these drugs and irradiation has been
shown to influence survivin expression, and this effect seems to
be dependent on the cell line, and on the pS3 gene status of the
cells.”*>* Our study aimed at testing the effect of survivin
silencing in different human cancer cell lines (AS49, HeLa and
MCEF-7 cells) on their sensitivity to chemotherapeutic agents of
different classes, namely, doxorubicin and vinblastine. With this
approach we wanted to assess whether survivin overexpression
on tumor cells could constitute a mechanism of drug resistance
transversal to different types of cancer and independent of the
drug classes. Doxorubicin is an anthracycline antibiotic, used in
the treatment of various malignancies, which binds to topo-
isomerase II and allows it to break DNA, but blocks its ability to
rejoin the cleaved strands, leading to potentially lethal DNA
breaks.***> However, it also causes acute and chronic cardio-
toxicity, which limits its clinical application.** Thus, a reduction
in the amount of administered drug to produce the desired
cytotoxic effect would be highly advantageous. Vinblastine is a
microtubule inhibitor which is used for treating several types of
cancers, including Hodgkin’s lymphoma, non-small cell lung
cancer, breast cancer, head and neck cancer, and testicular cancer,
alone or in combination with other drugs.***’ Vinblastine
inhibits microtubule polymerization by binding to the region
involved in tubulin dimer attachment, suppressing the micro-
tubule dynamics and causing the arrest of cells at the G2/M
transition and cell death by apoptosis.*® Since survivin has a
prominent role in regulation of cell division, involving regulation
of microtubule dynamics as well as a physical association with
Aurora B and Borealin, which targets the chromosomal passen-
ger complex to the kinetochore, allowing the correct completion
of cytokinesis,"** " its expression is expected to some extent to
counteract the cytotoxic action of vinblastine. Survivin down-
regulation should thus allow a reduction of the necessary dose of
vinblastine to achieve cancer cell death, thereby reducing ther-
apy-induced side effects.

As discussed above, studies involving the MCF-7 cell line were
stopped after we observed that no significant cytotoxic effect
could be detected after survivin silencing. Both HeLa and AS49
cells exhibited a certain degree of resistance to doxorubicin, as
concluded from the observation that approximately 40% of cell
death was obtained over a concentration range between 0.5 and
S uM (Supplementary Figure 1 in the Supporting Information).
However, cell response to vinblastine followed a more common
profile, and therefore vinblastine concentrations close to the ICs,
value, 0.1 uM for AS49 and 0.025 uM for Hela cells, were
selected for the subsequent experiments on the combination with
survivin silencing. The effects of the different treatments on cell
viability have shown that survivin knockdown in A549 and HeLa
cells potentiated the cytotoxic activity of both doxorubicin and
vinblastine, which was more pronounced 72 h after siRNA
transfection (Figures 2 and 3). For AS49 cells, the doxorubicin
concentration that resulted in 40% cell death was able to promote

60% cell death when administered to cells that were pretreated
with anti-survivin siRNAs, and the vinblastine concentration that
resulted in 40% cell death when used alone could promote 70%
cell death when administered to cells pretreated with survivin
siRNAs. In the case of HeLa cells, the enhancement of the drug
effects was even more pronounced. In these cells, the doxorubi-
cin concentration that resulted in 40% cell death caused 80% cell
death when administered to cells that were pretreated with anti-
survivin siRNAs, while under these latter conditions, a vinblas-
tine concentration that resulted in 55% cell death when used
alone led to 90% cell death. Similarly to what has been found
when comparing the cytotoxic effects of anti-survivin siRNA and
control siRNA treatments in the absence of any drug, nonspecific
effects related to siRNA delivery into the target cells were
observed. Although higher levels of cell death were achieved in
HeLa cells, the off-target effects of transfection were also more
evident in these cells. However, the differences obtained in cell
viability between equivalent conditions but using survivin specific
or control siRNAs were considerable, and, therefore, it can be con-
cluded that survivin silencing greatly enhances the susceptibility
of A549 and HeLa cells to both doxorubicin and vinblastine, thus
constituting a valuable approach for antitumor therapy.

Effector caspases 3 and 7 are crucial mediators of apoptosis,
being essential for certain processes associated with the disman-
tling of the cell and the formation of apoptotic bodies, but may
also function at the stage when commitment to loss of cell
viability is made.>"** Although survivin has been shown to bind
specifically to the effector caspases 3 and 7, but not to the
proximal initiator protease caspase 8, the exact mechanism by
which survivin inhibits apoptosis is still unclear. In fact, conflict-
ing results have been obtained regarding the interaction of
survivin with caspase 3.'"*37%° Most likely, survivin interferes
with apoptosis through mechanisms that, although culminating
in their activation, do not involve a direct interaction with effector
caspases. Inhibition of caspase-9, association with XIAP and
interaction with SMAC/DIABLO displacing other bound IAPs
constitute examples of some of those mechanisms.'"***” %% In
this regard, the enzymatic activity of caspase 3 and 7 was assessed
in order to unravel the effects of survivin silencing and the
combination of this approach with chemotherapeutic drugs on
target cells. However, it should be noted that the effect on cell
death promoted by the survivin silencing could also be mediated
by caspase-independent mechanisms, since survivin has also
been shown to inhibit caspase-independent apoptosis.”* The
very low levels of caspase activation observed in both A549 and
HeLa cells following doxorubicin treatment (Figure 4A,C) are in
agreement with the findings from ICs, determination experiments,
which revealed that both cell lines presented some resistance to
doxorubicin (Supplementary Figure 1 in the Supporting Informa-
tion). Quite surprisingly, however, caspase activity of cells treated
with both survivin siRNA/Lipofectamine complexes and doxorubicin
was lower than that of cells treated with equivalent survivin
siRNA/Lipofectamine complexes and no drug. In the absence of
a synergistic or additive effect, we would expect to obtain the
same level of caspase activation for either of the treatments per se.
A possible explanation could be that doxorubicin treatment is
inhibiting the apoptotic triggering that was observed following
survivin silencing in both cell lines, most likely through the
activation of antiapoptotic pathways as cellular response to the
effects of this drug (Figure 4A,C).

Results from parallel experiments with vinblastine showed that
drug or anti-survivin siRNA treatments led to comparable levels of
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caspase activation, which were higher than those obtained for cells
treated with control siRNAs (Figure 4B,D). When the siRNA-
based approach was combined with vinblastine treatment, a
significant increase in caspase activation was observed in both cell
lines following treatment with anti-survivin siRNA/Lipofectamine
complexes (Figure 4B,D). However, no difference could be
detected in the apoptosis induction in A549 cells transfected with
anti-survivin or control siRNAs, indicating that the observed effect
is not specifically related to the survivin knockdown.

The effects on apoptosis resulting from the combination of the
survivin silencing approach with doxorubicin treatment were
further investigated by annexin V/PI staining and flow cytometry
analysis. The results obtained from these studies revealed that
treatment with only Lipofectamine 2000 or control siRNA/
Lipofectamine complexes reduced the percentage of viable cells
to 60% and 50%, for AS49 and HeLa cells, respectively (Figure S),
which could mean that, in fact, some of the nonspecific cytotoxicity
observed upon delivery of control siRNAs may be caused by the
siRNA delivery vector. In contrast, results obtained for cells treated
with anti-survivin siRNA/Lipofectamine complexes showed a
clear reduction in the percentage of viable cells, together with a
significant increase in the number of late apoptotic cells, when
compared to those obtained using mut siRNAs (Figure SA,B),
while treatment of nontransfected cells with doxorubicin resulted
in a reduction of 50—55% of viable cells. Although transfection
with control siRNA/Lipofectamine complexes before incubation
with doxorubicin resulted in slightly higher percentage of late
apoptotic cells and reduction in the amount of viable cells,
when comparing to cells that were only treated with doxorubicin,
it was the transfection with anti-survivin siRNA/Lipofectamine
complexes followed by treatment with doxorubicin that resulted
in the lowest percentage of viable cells, and consequently in
higher amounts of early and late apoptotic cells. Together,
these findings support the hypothesis that survivin silencing
contributes to the reversion of resistance of A549 and HeLa
cells to doxorubicin.

Overall, our results demonstrate that by silencing survivin in
cancer cells, higher levels of cytotoxicity can be achieved using
lower doses of conventional chemotherapeutic drugs. Most
importantly, this enhancement occurred even when a drug, such
as doxorubicin, to which cells were resistant, was used. Despite
the great therapeutic potential of this strategy, issues related to
nonspecific immune stimulation, off-target interference and
efficiency of in vivo intracellular delivery of siRNAs should be
taken into account. Development of biocompatible siRNA
delivery systems able to mediate efficient and specific internaliza-
tion of the nucleic acids into the target tumor cells would
significantly increase the clinical interest in this approach.

In summary, we have demonstrated that, at least in two types
of cancer cells, survivin silencing promotes the cytotoxic effect of
conventional chemotherapeutic agents, which can be of great
importance as an effective therapeutic strategy against different
forms of cancer. While the exact mechanism by which this effect
occurs has not been completely elucidated, it seems to involve
restoration of apoptosis, although not always being associated
with an enhancement of effector caspase activity.

B ASSOCIATED CONTENT

© Supporting Information.  Supplementary Figures 1 (effect
of doxorubicin and vinblastine on cell proliferation) and 2 (effect of
survivin knockdown on the sensitivity of HeLa cells to

vinblastine treatment). This material is available free of charge
via the Internet at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author

*Department of Life Sciences, University of Coimbra, Apartado
3046, 3001-401 Coimbra, Portugal. E-mail: mdelima@ci.uc.pt.
Tel: 239820190. Fax: 239853607.

B ACKNOWLEDGMENT

We thank Prof. Joao Nuno Moreira, Faculty of Pharmacy,
University of Coimbra, Portugal, for helpful discussions. The
present study was supported by a grant from the Portuguese
Foundation for Science and Technology (PTDC/BIO/65627/
2006). S.T. is the recipient of a fellowship from the Portuguese
Foundation for Science and Technology.

B REFERENCES

(1) Fesik, S. W. Promoting apoptosis as a strategy for cancer drug
discovery. Nat. Rev. Cancer 2005, S (11), 876-8S.

(2) Hanahan, D.; Weinberg, R. A. The hallmarks of cancer. Cell
2000, 100 (1), 57-70.

(3) Agarwal, R.; Kaye, S. B. Ovarian cancer: strategies for over-
coming resistance to chemotherapy. Nat. Rev. Cancer 2003, 3 (7),
502-16.

(4) Okada, H.; Mak, T. W. Pathways of apoptotic and non-apoptotic
death in tumour cells. Nat. Rev. Cancer 2004, 4 (8), 592-603.

(S5) Hengartner, M. O. The biochemistry of apoptosis. Nature 2000,
407 (6805), 770-6.

(6) Zhivotovsky, B.; Orrenius, S. Carcinogenesis and apoptosis:
paradigms and paradoxes. Carcinogenesis 2006, 27 (10), 1939-45.

(7) Igney, F. H; Krammer, P. H. Death and anti-death: tumour
resistance to apoptosis. Nat. Rev. Cancer 2002, 2 (4), 277-88.

(8) Altieri, D. C. Validating survivin as a cancer therapeutic target.
Nat. Rev. Cancer 2003, 3 (1), 46-54.

(9) Schimmer, A. D. Inhibitor of apoptosis proteins: translating basic
knowledge into clinical practice. Cancer Res. 2004, 64 (20), 7183-90.

(10) Fischer, U; Schulze-Osthoff, K. New approaches and ther-
apeutics targeting apoptosis in disease. Pharmacol. Rev. 2005, 57 (2), 187-215.

(11) Ryan, B.M.; O’'Donovan, N.; Duffy, M. J. Survivin: a new target
for anti-cancer therapy. Cancer Treat. Rev. 2009, 35 (7), 553-62.

(12) Mesri, M;; Wall, N. R; Li, J.; Kim, R. W.; Altieri, D. C. Cancer
gene therapy using a survivin mutant adenovirus. J. Clin. Invest. 2001, 108
(7), 981-90.

(13) Tamm, L; Wang, Y.; Sausville, E.; Scudiero, D. A.; Vigna, N.;
Oltersdorf, T.; Reed, J. C. IAP-family protein survivin inhibits caspase
activity and apoptosis induced by Fas (CD9S), Bax, caspases, and
anticancer drugs. Cancer Res. 1998, $8 (23), 5315-20.

(14) Li, F; Ambrosini, G; Chu, E. Y; Plescia, J; Tognin, S;
Marchisio, P. C.; Altieri, D. C. Control of apoptosis and mitotic spindle
checkpoint by survivin. Nature 1998, 396 (6711), 580-4.

(15) Hoffman, W. H,; Biade, S.; Zilfou, J. T.; Chen, J.; Murphy, M.
Transcriptional repression of the anti-apoptotic survivin gene by wild
type pS3. J. Biol. Chem. 2002, 277 (S), 3247-57.

(16) Beltrami, E.; Plescia, J.; Wilkinson, J. C.; Duckett, C. S.; Altieri,
D. C. Acute ablation of survivin uncovers pS3-dependent mitotic
checkpoint functions and control of mitochondrial apoptosis. J. Biol.
Chem. 2004, 279 (3), 2077-84.

(17) Dohi, T.; Beltrami, E.; Wall, N. R; Plescia, J.; Altieri, D. C.
Mitochondrial survivin inhibits apoptosis and promotes tumorigenesis.
J. Clin. Invest. 2004, 114 (8), 1117-27.

(18) Liu, T,; Biddle, D.; Hanks, A. N.; Brouha, B.; Yan, H,; Lee,
R. M,; Leachman, S. A.; Grossman, D. Activation of dual apoptotic

1129 dx.doi.org/10.1021/mp100426e |Mol. Pharmaceutics 2011, 8, 11201131



Molecular Pharmaceutics

pathways in human melanocytes and protection by survivin. J. Invest.
Dermatol. 2006, 126 (10), 2247-56.

(19) Li, F; Ackermann, E. J.; Bennett, C. F.; Rothermel, A. L,
Plescia, J.; Tognin, S.; Villa, A.; Marchisio, P. C.; Altieri, D. C. Pleiotropic
cell-division defects and apoptosis induced by interference with survivin
function. Nat. Cell Biol. 1999, 1 (8), 461-6.

(20) Uchida, H.; Tanaka, T.; Sasaki, K.; Kato, K.; Dehari, H.; Ito, Y,;
Kobune, M.; Miyagishi, M.; Taira, K; Tahara, H.; Hamada, H. Adeno-
virus-mediated transfer of siRNA against survivin induced apoptosis and
attenuated tumor cell growth in vitro and in vivo. Mol. Ther. 2004,
10 (1), 162-71.

(21) Altieri, D. C. Survivin, cancer networks and pathway-directed
drug discovery. Nat. Rev. Cancer 2008, 8 (1), 61-70.

(22) Dufly, M.].; O’Donovan, N.; Brennan, D. J.; Gallagher, W. M.;
Ryan, B. M. Survivin: a promising tumor biomarker. Cancer Lett. 2007,
249 (1), 49-60.

(23) Yonesaka, K; Tamura, K.; Kurata, T.; Satoh, T.; Ikeda, M,;
Fukuoka, M.; Nakagawa, K. Small interfering RNA targeting survivin
sensitizes lung cancer cell with mutant pS3 to adriamycin. Int. J. Cancer
2006, 118 (4), 812-20.

(24) Olie, R. A.; Simoes-Wust, A. P.; Baumann, B; Leech, S. H,;
Fabbro, D.; Stahel, R. A,; Zangemeister-Wittke, U. A novel antisense
oligonucleotide targeting survivin expression induces apoptosis and
sensitizes lung cancer cells to chemotherapy. Cancer Res. 2000,
60 (11), 2805-9.

(25) Kappler, M.; Taubert, H.; Bartel, F.; Blumke, K.; Panian, M.;
Schmidt, H.; Dunst, J.; Bache, M. Radiosensitization, after a combined
treatment of survivin siRNA and irradiation, is correlated with the
activation of caspases 3 and 7 in a wt-p53 sarcoma cell line, but not in a
mt-pS3 sarcoma cell line. Oncol. Rep. 2005, 13 (1), 167-72.

(26) Obexer, P.; Hagenbuchner, J.; Unterkircher, T.; Sachsenmaier,
N,; Seifarth, C; Bock, G.; Porto, V.; Geiger, K; Ausserlechner, M.
Repression of BIRCS/survivin by FOXO3/FKHRLI sensitizes human
neuroblastoma cells to DNA damage-induced apoptosis. Mol. Biol. Cell
2009, 20 (7), 2041-8.

(27) Carvalho, A,; Carmena, M.; Sambade, C.; Earnshaw, W. C,;
Wheatley, S. P. Survivin is required for stable checkpoint activation in
taxol-treated HeLa cells. J. Cell Sci. 2003, 116 (Part 14), 2987-98.

(28) Dalby, B,; Cates, S.; Harris, A.; Ohki, E. C.; Tilkins, M. L.; Price,
P.J.; Ciccarone, V. C. Advanced transfection with Lipofectamine 2000
reagent: primary neurons, siRNA, and high-throughput applications.
Methods 2004, 33 (2), 95-103.

(29) Pai,S.1;Lin,Y.Y.; Macaes, B.; Meneshian, A.; Hung, C.F.; Wu,
T. C. Prospects of RNA interference therapy for cancer. Gene Ther.
2006, 13 (6), 464-77.

(30) Li, S. D.; Huang, L. Targeted delivery of antisense oligodeox-
ynucleotide and small interference RNA into lung cancer cells. Mol.
Pharmaceutics 2006, 3 (5), $79-88.

(31) Ryther, R. C; Flynt, A. S,; Phillips, J. A,, 3rd; Patton, J. G. siRNA
therapeutics: big potential from small RNAs. Gene Ther. 2008, 12 (1), S-11.

(32) de Fougerolles, A. R. Delivery vehicles for small interfering
RNA in vivo. Hum. Gene Ther. 2008, 19 (2), 125-32.

(33) Oh, Y. K; Park, T. G. siRNA delivery systems for cancer
treatment. Adv Drug Delivery Rev. 2009, 61 (10), 850-62.

(34) Weinstein, L. B.; Joe, A. K. Mechanisms of disease: Oncogene
addiction--a rationale for molecular targeting in cancer therapy. Nat.
Clin. Pract. Oncol. 2006, 3 (8), 448-57.

(35) Caplen, N. J. Gene therapy progress and prospects. Down-
regulating gene expression: the impact of RNA interference. Gene Ther.
2004, 11 (16), 1241-8.

(36) Dai, Y.; Lawrence, T. S.; Xu, L. Overcoming cancer therapy
resistance by targeting inhibitors of apoptosis proteins and nuclear
factor-kappa B. Am. J. Transl. Res. 2009, 1 (1), 1-15.

(37) Paduano, F.; Villa, R;; Pennati, M.; Folini, M.; Binda, M,;
Daidone, M. G.; Zaffaroni, N. Silencing of survivin gene by small
interfering RNAs produces supra-additive growth suppression in com-
bination with 17-allylamino-17-demethoxygeldanamycin in human
prostate cancer cells. Mol. Cancer Ther. 2006, S (1), 179-86.

(38) Pennati, M.; Binda, M.; De Cesare, M.; Pratesi, G.; Folini,
M,; Citti, L; Daidone, M. G.; Zunino, F.; Zaffaroni, N. Ribozyme-
mediated down-regulation of survivin expression sensitizes human
melanoma cells to topotecan in vitro and in vivo. Carcinogenesis 2004,
25 (7), 1129-36.

(39) Pennati, M; Binda, M; Colella, G.; Zoppe, M.; Folini, M.;
Vignati, S.; Valentini, A.; Citti, L.; De Cesare, M.; Pratesi, G.; Giacca, M.;
Daidone, M. G.; Zaffaroni, N. Ribozyme-mediated inhibition of survivin
expression increases spontaneous and drug-induced apoptosis and
decreases the tumorigenic potential of human prostate cancer cells.
Oncogene 2004, 23 (2), 386-94.

(40) Grossman, D.; Kim, P. J; Schechner, J. S.; Altieri, D. C.
Inhibition of melanoma tumor growth in vivo by survivin targeting.
Proc. Natl. Acad. Sci. U.S.A. 2001, 98 (2), 635-40.

(41) Zhang, M.; Mukherjee, N.; Bermudez, R. S.; Latham, D. E;
Delaney, M. A; Zietman, A. L; Shipley, W. U,; Chakravarti, A.
Adenovirus-mediated inhibition of survivin expression sensitizes human
prostate cancer cells to paclitaxel in vitro and in vivo. Prostate 2008,
64 (3),293-302.

(42) Gagnon, V.; Van Themsche, C; Turner, S,; Leblanc, V;
Asselin, E. Akt and XIAP regulate the sensitivity of human uterine
cancer cells to cisplatin, doxorubicin and taxol. Apoptosis 2008, 13 (2),
259-71.

(43) Wall, N. R;; O’Connor, D. S.; Plescia, J.; Pommier, Y.; Altieri,
D. C. Suppression of survivin phosphorylation on Thr34 by flavopiridol
enhances tumor cell apoptosis. Cancer Res. 2003, 63 (1), 230-S.

(44) Venkatesan, B.; Prabhuy, S. D.; Venkatachalam, K.; Mummidi,
S.; Valente, A.J.; Clark, R. A.; Delafontaine, P.; Chandrasekar, B. WNT1-
inducible signaling pathway protein-1 activates diverse cell survival
pathways and blocks doxorubicin-induced cardiomyocyte death. Cell.
Signalling 2010, 22 (5), 809-20.

(45) Stewart, D. J. Tumor and host factors that may limit efficacy of
chemotherapy in non-small cell and small cell lung cancer. Crit. Rev.
Oncol. Hematol. 2010, 75 (3), 173-234.

(46) Chu, R; Upreti, M; Ding, W. X,; Yin, X. M.; Chambers,
T. C. Regulation of Bax by c-Jun NH2-terminal kinase and Bcl-xL
in vinblastine-induced apoptosis. Biochem. Pharmacol. 2009, 78 (3),
241-8.

(47) Kolomeichuk, S. N.; Bene, A; Upreti, M.; Dennis, R. A.; Lyle,
C. S.,; Rajasekaran, M.; Chambers, T. C. Induction of apoptosis by
vinblastine via c-Jun autoamplification and pS3-independent down-
regulation of p21WAF1/CIP1. Mol. Pharmacol. 2008, 73 (1), 128-36.

(48) Pennati, M.; Folini, M.; Zaffaroni, N. Targeting survivin in
cancer therapy. Expert Opin. Ther. Targets 2008, 12 (4), 463-76.

(49) Altieri, D. C. Targeted therapy by disabling crossroad signaling
networks: the survivin paradigm. Mol. Cancer Ther. 2006, S (3), 478-82.

(50) Li, F; Ling, X. Survivin study: an update of “what is the next
wave”? J. Cell. Physiol. 2006, 208 (3), 476-86.

(S51) Lee, D; Long, S. A; Adams, J. L,; Chan, G.; Vaidya, K. S;
Francis, T. A,; Kikly, K;; Winkler, J. D.; Sung, C. M,; Debouck, C,;
Richardson, S.; Levy, M. A.; DeWolf, W. E,, Jr.; Keller, P. M.; Tomaszek,
T.; Head, M. S.; Ryan, M. D.; Haltiwanger, R. C.; Liang, P. H.; Janson,
C. A; McDevitt, P. J; Johanson, K; Concha, N. O.; Chan, W;;
Abdel-Meguid, S. S.; Badger, A. M.; Lark, M. W.; Nadeau, D. P.; Suva,
L. J; Gowen, M,; Nuttall, M. E. Potent and selective nonpeptide
inhibitors of caspases 3 and 7 inhibit apoptosis and maintain cell
functionality. J. Biol. Chem. 2000, 275 (21), 16007-14.

(52) Porter, A. G; Janicke, R. U. Emerging roles of caspase-3 in
apoptosis. Cell Death Differ. 1999, 6 (2), 99-104.

(53) Shin, S.; Sung, B. J,; Cho, Y. S.; Kim, H. J.; Ha, N. C.; Hwang,
J. L; Chung, C. W,; Jung, Y. K;; Oh, B. H. An anti-apoptotic protein
human survivin is a direct inhibitor of caspase-3 and -7. Biochemistry
2001, 40 (4), 1117-23.

(54) Banks, D. P.; Plescia, J.; Altieri, D. C.; Chen, J.; Rosenberg,
S. H.; Zhang, H.; Ng, S. C. Survivin does not inhibit caspase-3 activity.
Blood 2000, 96 (12), 4002-3.

(55) Conway, E. M; Pollefeyt, S.; Steiner-Mosonyi, M.; Luo, W.;
Devriese, A,; Lupu, F; Bono, F,; Leducq, N.; Dol, F,; Schaeffer,

1130 dx.doi.org/10.1021/mp100426e |Mol. Pharmaceutics 2011, 8, 11201131



Molecular Pharmaceutics

P.; Collen, D.; Herbert, J. M. Deficiency of survivin in transgenic
mice exacerbates Fas-induced apoptosis via mitochondrial pathways.
Gastroenterology 2002, 123 (2), 619-31.

(56) Li, C;; Wu, Z; Liu, M; Pazgier, M;; Lu, W. Chemically
synthesized human survivin does not inhibit caspase-3. Protein Sci.
2008, 17 (9), 1624-9.

(57) Marusawa, H.; Matsuzawa, S.; Welsh, K; Zou, H.; Armstrong,
R.; Tamm, L; Reed, J. C. HBXIP functions as a cofactor of survivin in
apoptosis suppression. EMBO J. 2003, 22 (11), 2729-40.

(58) Dohi, T.; Okada, K.; Xia, F.; Wilford, C. E.; Samuel, T.; Welsh,
K.; Marusawa, H.; Zou, H.; Armstrong, R.; Matsuzawa, S.; Salvesen,
G. S.; Reed, J. C,; Altieri, D. C. An IAP-IAP complex inhibits apoptosis.
J. Biol. Chem. 2004, 279 (33), 34087-90.

(59) Altieri, D. C. New wirings in the survivin networks. Oncogene
2008, 27 (48), 6276-84.

(60) Liu, T.; Brouha, B.,; Grossman, D. Rapid induction of mitochondrial
events and caspase-independent apoptosis in Survivin-targeted melanoma
cells. Oncogene 2004, 23 (1), 39-48.

1131

dx.doi.org/10.1021/mp100426e |[Mol. Pharmaceutics 2011, 8, 1120-1131



